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Higher  manganese  silicides  (HMS)  are  proven  to  be  promising  candidates  as  p-type  thermoelectric 
material  in  the  temperature  range  of  400-700  K.  In  this  work,  a  series  of  nanostructured  (NS)  bulk 
MnSh.73  with  different  levels  of  Ytterbium  inclusions  were  fabricated  via  ball  milling  and  the  solid  state 
reaction  was  completed  by  spark  plasma  sintering  (SPS).  Nanopowders  and  SPS  consolidated  Yb-HMS 
nanocomposites  (NC)  were  characterized  by  X-ray  diffraction  (XRD)  and  scanning  electron  microscopy 
(SEM)  to  reveal  the  crystal  structure  and  morphology  respectively.  High  resolution  transmission  electron 
microscopy  (HRTEM)  coupled  with  energy  dispersive  X-ray  spectroscopy  (EDS)  was  used  to  investigate 
the  material  composition  in  bulk  grains.  Yb  was  observed  to  stay  as  nanoinclusions  at  the  grain  bound¬ 
aries.  TE  transport  properties,  including  Seebeck  coefficient,  electrical  resistivity,  and  thermal  diffusivity 
as  well  as  charge  carrier  concentrations  were  evaluated.  Thermal  conductivity  decreased  with  increasing 
Yb  content,  while  the  electrical  conductivity  improved  for  the  highest  Yb  content.  A  highest  figure  of 
merit  (ZT)  of  0.42  at  600  °C  was  achieved  for  1%  Yb-HMS  NC  sample. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

High  fuel  prices  and  extensive  consumption  of  the  fossil  fuels 
are  hauling  this  world  through  imminent  energy  crisis.  Thermo¬ 
electric  generators  (TEGs)  may  play  a  key  role  to  meet  this 
challenge  as  they  can  produce  electricity  from  waste  heat  sources, 
including  cars  and  various  industries  [1].  For  instance,  TEGs  in  car 
exhaust  pipes  with  a  conversion  efficiency  of  10-15%  will  reduce 
the  fuel  consumption  by  around  3-6%,  which  is  potentially  signif¬ 
icant  to  meet  the  2020  carbon  emission  goal  for  the  car  industry 
[2].  Thermoelectric  (TE)  materials  are  widely  explored  and  their 
efficiency  is  defined  by  the  dimensionless  figure  of  merit, 
ZT  =  ^T,  where  5  is  the  Seebeck  coefficient,  p  is  the  electrical 
resistivity,  k  is  the  thermal  conductivity,  that  is  the  sum  of  elec¬ 
tronic  ( Ke )  and  lattice  (kO  conductivity  contributions  and  T  is  the 
absolute  temperature  [3].  Acquiring  high  ZT  value  is  often 
challenging  due  to  the  interdependence  of  these  physical  parame¬ 
ters.  Many  groups  reported  on  the  possibility  of  enhancing  power 
factor  (S2/p)  and  reduced  thermal  conductivity  with  multiple 
nano-engineering  approaches  [4-9]. 
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TE  materials  are  categorized  depending  upon  their  application 
temperature  range;  chalcogenides  are  effective  at  low  temperature 
(below  250  °C),  skutterudites  are  promising  at  intermediate 
temperature  (up  to  500  °C)  [10],  and  in  case  of  high  temperature 
(more  than  600  °C)  half-Heusler  compounds,  and  transition  metal 
oxides  are  representative  examples  [11].  Although  these  TE  mate¬ 
rials  showed  improved  performance,  they  cannot  dominate  the  TE 
market  because  most  of  their  constituents  are  toxic,  less  abundant 
and/or  very  expensive  [12].  This  may  hinder  their  further  imple¬ 
mentation  for  mass  production.  Silicide  based  materials  are  consid¬ 
ered  as  the  best  candidate  for  mid  to  high  temperature  TE 
applications  (400-600  °C)  as  their  constituents  are  highly  abun¬ 
dant,  inexpensive,  non-toxic  and  maintain  a  high  stability  [13]. 
Higher  manganese  silicides  (HMS)  are  represented  by  MnSi2_x, 
MnSii.75  and  MnSii.g  compositions.  They  consist  of  a  homologous 
series  of  crystallographically  distinct  phases  referred  to  as  the 
Nowtony  Chimney  Ladder  phases.  Four  distinct  phases  of  HMS 
have  been  reported  with  the  atomic  positions  determined  by 
XRD:  Mn4Si7,  MnnSiig,  Mni5Si26  and  Mn27Si47  [14].  HMS  are  semi¬ 
conductors  with  band  gap  energy  from  0.4  eV  to  0.7  eV  [15].  They 
possess  good  TE  properties  and  a  maximum  ZT  0.6  at  725  K  have 
been  reported  by  Gelbstein  and  co-workers  [16]. 
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Introduction  of  metallic  inclusions  may  enhance  the  TE  perfor¬ 
mance  of  HMS  compounds.  Electron  and  phonon  collisions  at  the 
surface  of  the  embedded  particles  significantly  shortens  their 
effective  mean  free  path  that  may  enhance  the  electrical  properties 
and  reduces  the  thermal  conductivity  [17].  Currently,  there  is  not  a 
single  existing  model  that  can  describe  the  heat  transport  through 
composite  materials  containing  dispersed  metallic  particles.  Yam- 
ada  et  al.  reported  on  iron  and  sodium  added  HMS  samples  and 
achieved  a  ZT  of  0.31  at  800  K  [18].  However,  few  results  have  been 
focusing  on  the  partial  substitution  of  Si  by  other  elements  to 
enhance  the  power  factor.  Luo  et  al.  reported  that  substitution  of 
Si  by  Al  enhanced  the  figure  of  merit  by  40%  compared  to  undoped 
HMS  samples  [19].  Though,  the  thermal  conductivity  of  such  sam¬ 
ples  has  not  been  reduced  significantly.  Similar  claims  were  pub¬ 
lished  by  Ponnambalam  et  al.  that  Cr  substituted  MnSii.73  sample 
has  raised  the  ZT  about  42%  as  compared  to  undoped  MnSii.73 
[20].  Conventionally,  HMS  is  fabricated  through  expensive  and 
long  term  melting  techniques  to  obtain  the  desired  composition 
and  crystal  phases. 

The  goal  of  this  work  is  the  synthesis  and  detailed  characteriza¬ 
tion  of  densely  packed  HMS  nanocomposites  (NC)  containing 
Ytterbium  (Yb),  i.e.  Yb-HMS  composites.  Yb  is  mainly  used  as  a 
dopant  of  stainless  steel  or  active  laser  media.  Rare-earth  elements, 
including  Yb,  have  been  observed  to  improve  the  performance  of 
some  other  thermoelectric  compounds  [21],  which  is  the  reason 
for  our  choice  of  dopant  for  HMS.  To  the  best  of  our  knowledge 
there  is  no  previous  report  about  rare  earth  metal  inclusions  in 
HMS  systems  to  date.  In  this  work  we  have  utilized  ball  milling 
(BM)  and  spark  plasma  sintering  (SPS)  to  prepare  and  consolidate 
HMS  and  their  Yb  nanocomposites. 

2.  Experimental 

Yb-HMS  NCs  were  synthesized  from  325  mesh  silicon  (Si)  with  99.999%  purity, 
manganese  (Mn)  powder  with  99.95%  purity  obtained  from  Alfa  Aesar  and  Yb  chips 
with  99.99%  purity  from  Sigma  Aldrich  was  used.  Each  element  was  weighed  under 
Argon,  in  a  glove  box  and  loaded  into  tungsten  carbide  (WC)  jar  and  balls  with  hex¬ 
ane  as  dispersion  media  for  BM.  Si  to  Mn  molar  ratio  was  1.73  and  0.5  wt%  and 
1.0  wt%  Yb  metal  content  were  used  for  two  NC  samples.  Planetary  BM  with  a  speed 
of  400  rpm  was  performed  for  8  h.  Afterwards,  powder  was  collected  and  dried  at 
room  temperature  in  the  glove  box  to  remove  the  excess  solvent.  Subsequently, 
the  SPS  compaction  was  carried  out  by  using  a  Dr.  Sinter  2050  setup,  where  all 
the  compacts  were  made  from  powders  filled  in  a  graphite  die  having  diameter 
of  15  mm,  using  optimized  SPS  conditions  as  described  in  our  earlier  work  [22]. 
All  the  samples  were  sintered  at  950  °C  for  5  min  holding  time  at  an  applied  pres¬ 
sure  of  75  MPa.  After  sintering,  the  samples  were  polished  in  order  to  remove  the 
graphite  layer. 

2.1.  Characterization 

HMS  crystal  phases  were  identified  by  X-ray  diffraction  (XRD)  utilizing  Panalyt- 
ical  diffractometer  (operated  at  45  kV  and  40  A)  with  a  Cu  Kot  source,  wavelength 
1.543  A.  Rietveld  refinement  of  the  XRD  profiles  was  performed  by  the  MAUD  pro¬ 
gram  for  quantitative  phase  analysis,  determination  of  crystallite  sizes,  and  to 
obtain  the  theoretical  densities  of  the  compacted  pellets  (employing  only  the 
revealed  crystallographic  phases).  Pellet  densities  were  estimated  via  geometrical 
measurements.  Morphology  and  composition  of  the  samples  were  evaluated  by 
performing  field-emission  scanning  electron  microscopy  (FE-SEM)  equipped  with 
an  Oxford  energy-dispersive  spectroscopy  (EDS)  setup.  Focused  ion  beam  (FIB) 
SEM  was  used  to  prepare  the  transmission  electron  microscopy  (TEM)  sample. 
HRTEM  analysis  was  carried  out  by  Philips  TM30  TEM  with  an  accelerating  voltage 
of  200  keV,  mapping  and  elemental  composition  analysis  was  performed  with  cou¬ 
pled  EDS  detector.  SPS  compacted  sample  was  ground  and  particles  were  dispersed 
in  ethanol  which  was  then  dropcast  on  the  TEM  grids  to  prepare  HRTEM  sample. 

Thermal  diffusivity  was  measured  by  a  laser  flash  apparatus  from  Netzsch  (LFA 
457  MicroFlash)  while  thermal  conductivity  (k:)  was  calculated  from  the  equation, 
k  =  ocpCp,  where  oc  is  the  thermal  diffusivity,  p  is  the  bulk  density  and  Cp  is  the  spe¬ 
cific  heat  of  the  material.  The  specific  heat  capacity  was  calculated  by  means  of 
Netszch  Proteus  analysis  software,  comparing  the  samples  against  the  standard 
material  Netszch  Pyroceram  9606.  The  Seebeck  coefficient  and  electrical  resistivity 
were  measured  from  room  temperature  (RT)  to  600  °C  using  an  in  house  built  appa¬ 
ratus  described  in  details  elsewhere  [23].  All  measurements  were  carried  out  under 
Ar  atmosphere. 


3.  Results  and  discussion 

Fig.  1  shows  XRD  patterns  of  BM  samples  from  pure  HMS  and 
NCs.  The  results  indicate  the  presence  of  only  MnSi,  Mn  and  Si 
phases  and  similar  observations  were  stated  also  in  other  reports 
after  the  BM  step  [24,25].  It  is  difficult  to  distinguish  between  all 
the  distinct  crystallographic  phases  and  these  structures  differ  only 
by  the  c-axis,  which  is  in  all  cases  very  long,  compared  to  the  a-axis 
[26].  Pure  HMS  BM  sample  phase  contents  were  identified  as 
51  wt%  HMS,  22  wt%  MnSi,  12  wt%  Si  and  14  wt%  Mn  from  Rietveld 
fitting  data.  Sadia  et  al.  reported  optimized  ball  milling  parame¬ 
ters:  they  concluded  that  increase  of  milling  time  will  not  facilitate 
formation  of  more  HMS  phase  [25],  instead  it  possibly  increases 
the  metallic  content  of  MnSi,  which  is  detrimental  for  the  TE  per¬ 
formance  [24].  Fig.  l(b  and  c)  are  the  XRD  patterns  of  Yb-HMS 
NCs:  Yb  peaks  (ICSD  #  43585)  were  not  observed  since  the  Yb  con¬ 
tent  is  close  to  the  detection  limit  of  the  lab  XRD  tool.  Fig.  2  dis¬ 
plays  the  XRD  patterns  of  SPS  compacted  sample  where  all  major 
characteristic  peaks  of  pure  HMS  appeared,  which  were  in  good 
agreement  with  those  reported  by  Karpinsky  and  Evseev  [27].  All 
the  peaks  were  indexed  with  the  tetragonal  HMS  with  MnSii.73 
(ICSD  #  43059)  and  cubic  MnSi  (ICSD  #  71830)  phases.  XRD  results 
on  SPSed  samples  are  in  good  agreement  with  earlier  reports 
[22,25,28,29].  Higher  contents  of  Yb  (more  than  1.0%)  resulted  in 
inhomogeneous  composites  among  the  ones  having  high  fraction 
of  MnSi  intermetallic  phase;  this  is  the  reason  why  they  were 
not  used  for  further  characterization. 

Crystallite  size,  phase  content  and  theoretical  densities  of  com¬ 
pacted  samples  were  obtained  from  the  Rietveld  refined  curves 
and  are  reported  in  Table  1.  All  pellets  are  dense  (more  than 
93%)  and  the  crystallite  size  is  in  the  range  of  120-160  nm.  SPS 
compaction  has  assisted  for  solid-state  reaction  to  attain  complete 
HMS  phase  (about  90%)  phase.  Furthermore,  Yb-HMS  NCs  showed 
less  MnSi  phase  and  more  densification  as  compared  to  pure  HMS 
(as  reported  in  Table  1)  that  is  also  favorable  for  improved  TE 
properties. 

SEM  micrographs  elucidated  the  morphology  and  grain  size; 
results  from  BM  sample,  SPS  compacted  pure  HMS  and  Yb-HMS 
NCs  are  displayed  in  Fig.  3(a-d),  respectively.  BM  nanopowder 
shows  inhomogeneous  morphology  with  some  agglomeration,  that 
is  attributed  to  the  wet  milling  process,  and  particle  size  in  the 
range  of  50-500  nm,  as  shown  in  Fig.  3(a).  Fractured  surfaces  of 
SPS  compacted  samples  from  pure  HMS,  0.5%  and  1%  Yb-HMS 
NCs  are  presented  in  Fig.  3(b-d).  Fractured  surfaces  revealed  that 
most  of  the  grains  are  below  500  nm  and  very  little  porosity 
was  observed  in  compacted  samples.  However,  we  observed 
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Fig.  1.  XRD  pattern  of  BM  powders  (a)  HMS  pure,  (b)  HMS  with  0.5%  Yb  inclusion, 
(c)  HMS  with  1%  Yb  inclusion. 


M  Saleemi  et  al. /Journal  of  Alloys  and  Compounds  619  (2015)  31-37 


33 


- ■ - 1 - 1 - 1 - ■ - 1 - 1 - 1 - ■ - 1 - 1 - 

20  30  40  50  60  70  80 

Position,  20  (deg) 


Fig.  2.  XRD  pattern  of  SPSed  samples  (a)  HMS  pure,  (b)  HMS  with  0.5%  Yb  inclusion, 
(c)  HMS  with  1%  Yb  inclusion. 


non-uniform  dispersion  of  small  entities  at  the  grain  boundaries, 
which  may  correspond  to  Yb  inclusions.  Zamanipour  and  co-work¬ 
ers  have  reported  similar  grain  size  after  SPS  compactions  while 
Chen  et  al.  presented  effective  grain  growth  after  the  hot  press 
compaction  [30,31].  However,  high  heating  rate  in  SPS  can  over¬ 
come  this  challenge  and  grain  growth  can  be  minimized. 

Transmission  electron  microscopy  (TEM)  was  used  to  study  the 
morphology  evolution  during  the  BM  step.  Fig.  4(a)  displays  a  low- 
magnification  TEM  image,  of  the  intermediate  product  with  near- 
spherical  morphology  and  clusters  of  small  and  large  crystals.  High 
resolution  TEM  (HRTEM)  images  were  taken  to  examine  the  indi¬ 
vidual  grains  of  SPSed  samples  as  shown  in  Fig.  4(b).  It  shows  lat¬ 
tice  fringes  and  crystal  symmetry;  lattice  parameter  in  the  selected 
grain  was  calculated  as  5.51  A,  corresponding  to  a  =  b  in  the  tetrag¬ 
onal  phase  of  HMS,  which  agrees  well  with  earlier  reports  [32]. 
Furthermore,  HRTEM  was  performed  over  different  spots  in  the 
sample  to  investigate  the  details  of  different  grains;  results  are  pre¬ 
sented  in  Fig.  S2. 

Bright  and  dark  field  images  were  obtained  with  help  of  scan¬ 
ning  transmission  electron  microscopy  (STEM)  and  results  are  dis¬ 
played  in  Fig.  5(a  and  b).  HMS  grains  are  clearly  observed  in  the 
range  of  300-500  nm,  nevertheless  there  are  grains  below 


Table  1 

Rietveld  refinement  analysis  results  of  HMS  and  Yb-HMS  NCs. 


Sample  ID 

Phase  content 

MnSi  (%)  HMS  (%) 

Crystallite  size  (HMS)  (nm) 

Geometrical  density  (g/cm3) 

Theoretical  density  (g/cm3) 

Relative  density  (%) 

HMS  pure 

10 

90 

160 

4.865 

5.23 

93 

HMS  +  0.5%Yb 

8 

92 

120 

4.917 

5.22 

94 

HMS  +  1.0%Yb 

7 

93 

130 

4.985 

5.21 

96 

Fig.  3.  SEM  micrographs  of;  (a)  HMS  nanopowder  after  BM,  (b)  HMS  after  SPS  compaction,  (c)  0.5%  Yb-HMS  NC,  (d)  1%  Yb-HMS  NC. 
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Fig.  4.  TEM  micrographs  from  BM  pure  HMS  samples;  (a)  Lower  and  (b)  Higher;  magnifications. 


Fig.  5.  STEM  micrographs  of  1%  Yb-HMS  NCs;  (a)  Bright  field  image,  (b)  dark  field  image. 


200  nm.  Dark  grey  color  in  bright  field  and  white  spots  in  dark  field 
image  represents  Yb.  Furthermore,  it  was  observed  in  the  later  EDS 
mapping  how  this  color  contrast  matches.  Few  other  dark  spots  in 
Fig.  5(b)  may  represent  other  phases  in  the  sample  and  few  grains 
of  light  grey  color  reveal  MnSi  metallic  phase,  while  most  of  the 
crystalline  phase  is  HMS,  as  it  is  observed  from  the  color  contrast 
in  both  images.  However,  on  the  basis  of  microscopy  observations, 
it  is  difficult  to  perform  accurate  quantitative  analysis  of  MnSi 
grains  due  to  varying  crystal  orientations.  Also  several  regions 
show  slightly  different  contrast,  which  means  that  the  ratio  Mn:Si 
is  not  constant,  although  the  XRD  identified  pure  HMS  phase. 

Fig.  6(a-c)  shows  EDS  mapping  analysis  in  the  bulk  sample, 
however,  it  is  difficult  to  differentiate  between  HMS  and  MnSi 
phases  in  this  type  of  analysis.  In  the  elemental  maps  it  is  clearly 
observed  that  Yb  inclusions  are  collected  at  the  grain  boundaries 
in  the  form  of  pinning  points.  Even  smaller  particles  of  Yb  are  dis¬ 
persed  overall  in  bulk  NC  as  can  be  observed  in  Fig.  6(c-iii).  How¬ 
ever,  some  agglomerated  grains  of  Yb  was  also  detected  which 
are  in  the  range  50-100  nm.  Elemental  line  profile  for  individual 
grains  was  also  performed  by  TEM-EDS  and  the  results  are 
reported  in  Fig.  S3. 

The  temperature  dependent  Seebeck  coefficient  (S)  and  the 
electrical  resistivity  (p)  for  pure  HMS  and  Yb-HMS  NCs  are 
reported  in  the  Fig.  7(a  and  b)  respectively.  All  samples  exhibit 
degenerate  semiconductor  behavior  as  the  S  and  p  increases  with 
increasing  temperature.  Similar  characteristics  in  HMS  samples 
were  observed  and  reported  also  by  other  research  groups  33]. 
The  positive  sign  of  S  confirms  primarily  p-type  conduction  mech¬ 
anism.  Yb  inclusion  in  HMS  samples  have  slightly  affected  the  See¬ 
beck  values,  such  as  1%  Yb-HMS  NC  increased  the  value  from  90  to 
185  pV/K.  Norouzzadeh  et  al.  predicted  similar  values  of  S  from  a 
theoretical  model  while  assuming  the  grain  size  of  20  nm  33]. 


Sadia  et  al.  reported  lowers  values  (75-125  pV/K)  of  BM  and  SPSed 
HMS  sample,  which  has  been  attributed  to  the  higher  amount  of 
metallic  phase  of  MnSi  [25].  Electrical  resistivity  (p)  in  Yb-HMS 
NCs  revealed  significant  influence  of  Yb,  decreasing  roughly  to  half 
of  the  value  (2.25  mQ-cm  @  500  °C)  in  1%  Yb-HMS  NC  as  compared 
to  pure  HMS  compacted  sample  that  display  3.35  mQ-cm  at 
500  °C,  as  shown  in  Fig.  7(b).  We  attributed  this  improvement  to 
the  presence  of  metallic  (Yb)  inclusions  at  the  grain  boundaries 
which  were  clearly  observed  in  detailed  TEM  investigations.  Pure 
HMS  compacted  samples  contains  similar  p  values  as  reported  by 
various  reports  [20,25].  Carrier  concentration  (nH)  was  also 
measured  at  300  K  by  using  the  Hall  measurement  setup  and  the 
results  are  reported  in  Table  2.  Pure  HMS  compacted  sample  have 
higher  carrier  concentration  (1.56  *  1021  cm-3)  as  compared  to 
0.5%  Yb  NC  (1.16  *  1021  cm-3).  This  discrepancy  might  be  due  to 
the  inhomogeneous  dispersion  of  Yb  in  the  sample  and  it  is  difficult 
to  estimate  the  accurate  reason  for  such  deviation.  Though,  1% 
Yb-HMS  NC  has  1.75  *  1021  cm-3  nH  value,  which  caused  to 
increase  the  carrier  mobility,  hence  improved  the  electrical  con¬ 
duction.  Zhou  et  al.  measured  and  reported  nH=  1.50  *  1021  cm-3 
for  pure  HMS  SPSed  sample  which  is  comparable  to  our  results. 
However,  in  their  case,  addition  of  Ge  increased  nH  to 
1.89  *  1021  cm-3  whereas  in  our  samples,  1%  Yb-HMS  NC  reached 
a  value  of  1.75  *  1021  cm-3. 

Total  thermal  conductivity  ( k )  in  all  samples  has  relatively  low 
values  as  compared  to  the  bulk,  measured  k  values  are  in  the  range 
2. 6-3. 2  W/mK  in  temperature  range  of  25-600  °C.  MnSii.73  pre¬ 
pared  by  melting,  annealing  and  hot  press  exhibited  k  values  from 
2.5  W/mK  to  3  W/mK  [34].  Sadia  et  al.  reported  higher  k  values 
(about  4.5  W/mK)  for  MnSii.73  prepared  by  BM  for  5  hours  at 
800  rpm,  though  it  was  attributed  to  high  MnSi  content  [25].  Yb- 
HMS  NCs  show  slight  decrease  in  total  k  value,  which  confirms 


M  Saleemi  et  al. /Journal  of  Alloys  and  Compounds  619  (2015)  31-37 


35 


Fig.  6.  (a)  Low  magnification,  and  (b)  Selected  area  TEM  micrographs  for  mapping;  (c)  EDS  Mapping  of  1%  Yb-HMS  NCs;  (i)  Manganese,  (ii)  silicon,  (iii)  Ytterbium. 
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Fig.  7.  Thermoelectric  evaluation  of  compacted  HMS  samples;  (a)  Seebeck  coefficient,  (b)  electrical  resistivity,  (c)  thermal  conductivity  (inset  heat  capacity),  and  (d)  figure  of 
merit,  ZT. 


Table  2 

Carrier  concentration  of  HMS  and  Yb  inclusion  samples  at  300  K. 


Sample  ID 

Carrier  concentration  nH  (*1021  cm  3) 

HMS  pure 

1.56 

HMS  +  0.5%Yb 

1.16 

HMS  +  1 .0%Yb 

1.75 

the  phonon  interactions  at  the  grain  boundaries.  Furthermore,  Yb 
composites  have  lower  calculated  crystallite  size  that  might  have 


influenced  the  k  value.  For  NC  samples,  this  decrease  in  total  k  is 
also  due  to  the  decrease  in  MnSi  phase  content  (as  reported  in 
Table  1).  In  the  literature,  other  compositions  of  HMS  such  as 
MnSil.yi  and  MnSii.75  have  shown  lower  values  of  total  k ,  for 
instance  in  the  range  of  1. 5-2.5  W/mK  [14].  Lattice  thermal  con¬ 
ductivity  results  confirm  the  major  contribution  in  the  total  k 
(results  are  reported  in  supplementary  document  in  Fig.  S4).  The 
dimensionless  figure  of  merit  (ZT)  is  plotted  in  Fig.  7(d),  which 
shows  better  performance  of  Yb-HMS  NCs.  ZT  values  of  our  pure 
HMS  bulk  sample  is  comparatively  lower  than  reported  by  Luo 


36 


M.  Saleemi  et  al./Journal  of  Alloys  and  Compounds  619  (2015)  31-37 


et  al.  [19]  and  Zhou  et  al.  [35]  the  primary  reason  for  this  difference 
is  the  higher  k  of  our  samples  which  is  strongly  related  to  the 
amount  of  MnSi  phase  in  the  compacted  samples.  Similar  results 
were  reported  on  BM  and  SPSed  compacted  sample  which  have 
similar  high  amount  of  MnSi  as  secondary  phase  [25].  HMS  NCs 
show  better  performance  while  reaching  the  maximum  ZT  value 
to  0.42  @  600  °C  which  is  mainly  affected  due  to  the  decrease  in 
electrical  resistivity.  ZT  value  of  these  samples  can  be  further 
improved  by  reducing  the  MnSi  phase  to  reduce  k  further. 

4.  Conclusions 

Nanostructured  HMS  with  MnSii.73  nominal  composition  and 
Yb-HMS  NCs  were  prepared  by  ball  milling  from  high  purity  ele¬ 
mental  powders  and  SPS  consolidation.  Influence  of  Yb  metal 
inclusions  on  the  transport  property  of  HMS  was  investigated. 
XRD  patterns  from  the  nanopowder  and  compacted  samples 
allowed  identification  of  various  phases  at  different  processing 
stages:  bulk  NCs  have  shown  HMS  as  major  phase  though  7-10% 
MnSi  phase  was  also  detected  that  have  affected  the  total  k  as 
compared  to  earlier  reports.  SEM  and  HRTEM  coupled  with  EDS 
analysis  have  been  used  to  study  the  grain  morphologies  and  ele¬ 
mental  compositions  in  the  bulk  samples.  EDS  mapping  revealed 
Yb  inclusions  at  the  grain  boundaries.  Electrical  properties 
improved  with  larger  amount  of  Yb  while  thermal  conductivity 
decreased.  ZT  value  of  1%  Yb-HMS  NC  reached  to  the  0.42  @ 
600  °C  which  is  significantly  higher  as  compared  to  pure  HMS  bulk 
sample.  ZT  further  can  be  improved  if  the  total  k  reduces  in  the  NCs 
with  further  reduction  of  the  MnSi  phase. 
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